The anaerobic zones of Lakes Cis6 and Vilar (Banyoles karstic area, NE Spain) had mass developments of purple sulfur bacteria during summer 1982. In Lake Vilar, Chromatium spp. was dominant (up to 92% of the microbial biovolume). In Lake Ciso, the predominant microorganisms were Chromatium spp. (up to 7 1%) and another purple sulfur bacterium forming aggregates (20%).
Planktonic phototrophic sulfur bacteria typically stratify in anoxic water, placing themselves at depths where light intensity and sulfide concentration favor their growth. Very often they form thick layers that are brown, green, or pink (Biebl and Pfennig 19 7 9) . During summer stratification, Chromatiaceae are frequently dominant in these bacterial layers and can contribute up to 90% of the total biomass (Sorokin 1965; Czeczuga 1968; . In effect, these layers are highly concentrated natural enrichments of purple sulfur bacteria, so that it is possible to study their physiology in nature itself.
Although the physiology of purple sulfur bacteria has been extensively studied in the laboratory (Kondratieva 1965; Clayton and Sistrom 1978; Pfennig 1978; Ormerod 1983) , comparatively little attention has been devoted to their metabolism in nature. In natural habitats, very sharp gradients (e.g. of temperature, light, and sulfide) are often established. Such gradients can be expected to result in differences in the physiological state of the cells along the vertical profile. This has not been studied for anoxic phototrophic bacteria. In the one report concerning the physiological state of a plank-tonic layer of Oscillatoria sp. (Konopka 1980) , differences in the content of some cellular components were observed with depth, but there was no evidence for concomitant changes in the specific photosynthetic activity. Some studies of layers formed by Chromatiaceae and Chlorobiaceae have dealt with physiological aspects of the bacteria (Takahashi and Ichimura 1970; Caldwell and Tiedje 1975; Parkin and Brock 198 1; Montesinos et al. 19833) , others with factors influencing their presence and growth (Parkin and Brock 1980; Pedros-Alio et al. 1983 , or the activities of predators feeding on them (Sorokin 1970; Gophen 1977; Guerrero et al. 1978; van Gemerden and Beeftink 1983) . However, no data are available on the vertical physiological heterogeneity of such bacterial layers.
Our study was conducted in Lakes Cis6 and Vilar, in the karstic area of Lake Banyoles, NE Spain (42"08'N, 2"45'E), during summer 1982. Lake Ciso, a small, anaerobic, holomictic, sulfide-containing lake, harbors high concentrations of different species of Chromatiaceae during summer stratification (Guerrero and Abel& 197 8; Abella et al. 1980) . During winter, the lake is completely mixed, but remains anoxic, causing the phototrophic bacterial blooms to appear at the very surface (Guerrero and Abella 1978; Abel15 et al. 1980; Pedros-Ali et al. 1983 . Lake Vilar is a crenogenic, meromictic, twobasin lake which seasonally supports mass developments of Chromatium spp. .
Our purpose here was to analyze the physiology of the purple sulfur bacteria in relation to their distribution in the water column and to assess the factors limiting their activity. The work focused on the following points: specific contents of pigments, sulfur, glycogen, and poly+hydroxybutyrate (PHB); CO2 fixation and H2S oxidation along the vertical profile; and the factors limiting bacterial activities at different depths. The diel variation of the photosynthetic activity (oxidation of H2S, fixation of C02, synthesis and breakdown of storage compounds) of the organisms in Lake Cis6 will be reported elsewhere (van Gemerden et al. 1985) .
Materials and methods
Water was collected with a sampling device designed to cause minimal disturbance of the gradients (Jorgensen et al. 1979) . Two solid polyvinylchloride (PVC) cones (15 cm high) were spaced 1 cm apart, their bases (diameter 12 cm) facing each other. The top cone, having a hole from the top to the center of the base, was connected with reinforced PVC tubing (diameter 8 mm) to an electrical pump submersed near the surface. The depth of sampling could be defined with an accuracy of + 1 cm, and the width of the water layer being sampled was small.
A platform to permit accurate sampling and in situ incubations consisted of a central square (1 m) of galvanized iron tubing, with a centrally positioned winch to lower the PVC tubing and the sampling cone, stabilized by four arms of the same material (length 2 m) with two 1 O-liter cubical plastic bottles on each arm for flotation. The bottles were partly filled with water to dampen lateral and vertical movements. The ends of the arms were tied to anchors or to the shore. To allow in situ incubations at different depths, we mounted four small reels on each arm.
Temperature and conductivity were measured in situ with a temperature-conductivity probe YSI-33 (Yellow Springs Co.). Light energy was measured with a Crump quantum meter connected to a submersible silicon photodiode quantum sensor (Crump Sci. Instr.) with a flat response between 400 and 700 nm, turbidity with a custom-made underwater vertical light transmissometer. Oxygen was determined in situ with an Orbisphere oxygen meter (Orbisphere Labs.).
A modification of the Wattenberg method was used for total alkalinity determinations. Samples were acidified with 5 ml of 0.05 N HCl, the evolved CO2 was removed by boiling, and the remaining HCl was back-titrated with 0.05 N NaOH. We eliminated interferences from sulfide by previously precipitating this compound by adding a few drops of 2% (wt/vol) Cd(N0s)2.
Sulfide was analyzed as S2-with silversulfide electrodes (Corning 476065) and a reference electrode (Philips RH 44/2-SD/ 1) coupled to a custom-made millivolt meter.
To avoid losses by sulfide oxidation and to. transform all H2S and HS-into S2-, we added samples of 10 ml to the same volume of sulfide antioxidant buffer (SAOB), containing 80 g of NaOH, 67 g of Na,EDTA, and 35 g of ascorbic acid per liter (Orion 1979) .
Sulfur was determined in cells retained on glass-fiber filters (Whatman GF/F) previously washed with ethanol. The sulfur was extracted with 96% ethanol, and the absorbance of the extract was measured at 260 nm. Since bacteriochlorophylls interfere at this wavelength, a correction factor was applied (van Gemerden 1968a).
Sulfate was determined by titration with 5 mM barium perchlorate of samples previously run through a column containing an ion exchange resin to eliminate interfering cations (Fritz and Yamamura 195 5) .
Sodium and potassium ions were determined by flame photometry with a Zeiss PF-5 photometer.
Magnesium, calcium, iron, and manganese ions were analyzed with a Pye Unicam SP1 900 atomic absorption spectrophotometer (Abella 1980) . Total sugars were measured by the anthrone reagent method (Herbert et al. 197 1) . Because the anthrone essentially assays C6 compounds, short term'fluctuations in total sugars reflect the concentration of glycogen rather than of structural cell material.
Poly-P-hydroxybutyric acid (PHB) was analyzed by conversion to crotonic acid with concentrated sulfuric acid and the absorbance then measured at 235 nm (Law and Slepecky 196 1) .
Total bacterial numbers were quantified by direct microscopy of cells previously fixed with 2% formaldehyde and retained on Nuclepore filters (0.2~pm pore diameter) with the acridine orange direct-counting method (AODC) (Zimmerman and Meyer-Reil 1974) .
Samples for scanning electron microscopy (SEM) were processed as described by Montesinos et al. (1983a) ; cells were fixed with glutaraldehyde (3%) and filtered through Nuclepore filters (0.2~pm pore diameter), dehydrated, and dried by the critical-point method and observed in a Super IIIA scanning electron microscope (Int. Sci. Instr.).
Cells were sized in a Coulter Counter I (model ZBI) connected to an impulse channelizer (Coulter Electronics). A 30-pm aperture tube was used. Samples were diluted in dust-free saline electrolyte (Isoton II). Results were corrected in the channelizer for coincidence and nonaxial flow losses and calibrated with monosized polystyrene latex spheres of 0.796 and 15.15 E.cm3 (Coulter Electronics) (Montesinos et al. 1983a ).
For absorption spectra of whole cells, cells were harvested at 5,000 x g for 15 min and the pellet spread as a film between two microscope coverslips and placed on the cuvette holder. Absorbance was recorded between 350 and 900 nm in a Pye-Unicam SP-1700 spectrophotometer.
Samples for pigment analysis were filtered through Sartorius membrane filters (0.45-pm pore diameter) covered by a thin layer of MgC03. The MgC03 layer containing the particulate material was resuspended in 5 ml of 90% acetone. The cells were disrupted by sonic treatment, and the pigments were extracted in the dark for 24 h at 4°C. The extracts were then centrifuged at 3,000 x g for 15 min and the clear supernatant was scanned for absorption between 350 and 850 nm in a Pye-Unicam SP-1700 spectrophotometer.
Quantification was done with extinction coefficients for the absorption peaks in the red and infrared zone of the spectrum. The specific extinction coefficients were 39.7 liter g-l cm-l for bacteriochlorophyll a (BChl a) at 772 nm (Takahashi and Ichimura 1970) , 92.1 liter g-l cm-l for bacteriochlorophyll c (BChl c) at 662 nm (Stanier and Smith 1960) , and 98.0 liter g-l cm-' for bacteriochlorophyll d (BChl d) at 654 nm (Stanier and Smith 1960) . For bacteriochlorophyll e (BChl e), the same extinction coefficient as for BChl d was used since specific data on BChl e are lacking. Chlorophyll a (Chl a) was calculated by the trichromatic method of Strickland and Parsons (1968) . Thin-layer Chromatographic (TLC) analysis of pigments was done on 20-x 20-cm silica gel plates (Merck No. 5721) or in cellulose paper (Whatman 3MM) with a solvent mixture of benzene, petroleum ether, and acetone (10: 3 : 2) (Montesinos et al. 19833) . 
Photosynthetic
activity was assessed by means of carbon dioxide uptake and sulfide oxidation. For measuring CO2 uptake, 100 ~1 of a stock solution of NaH14C03 ( 100 &i ml-', Radiochem. Centre Amersham) was added to 22-ml tubes filled with lake water. Duplicate dark and light tubes were incubated at the original depth and after 30 min placed on ice in the dark. Samples from July 1983 were treated in the same way but included duplicate light bottles treated with 3-(3',4'-dichlorophenyl)-1, 1 -dimethyl-urea (DCMU) to a final concentration of 5 PM and preincubated in the dark for 30 min. The contents were then filtered through Sartorius membrane filters (0.45-pm pore size) and placed in scintillation vials containing 0.2 ml of 2 N HCl to remove inorganic nonassimilated 14C02, 8 ml of Handifluor solution (Mallinckrodt) were added to each vial, and radioactivity was counted in a liquid scintillation counter (LKB model 12 11 Rackbeta).
Results were corrected for quenching by the external-standard channels ratio method.
Sulfide oxidation was assessed by measuring the H2S concentration before and after incubation in situ. Dark and light bottles (125 ml) were incubated at the original depth for 2 h followed by fixation in SAOB.
Limiting factors were estimated in the same way as sulfide oxidation but by adding phosphate (final concn 0.1 mM), acetate (final concn 0.8 mM), neutralized sulfide (final concn 0.6 or 0.8 mM), or a combination of acetate and neutralized sulfide. The activity under these different conditions was assayed by means of the sulfide oxidation rates. Light limitation was assessed by incubating deeper samples at l-m depth and applying a correction for temperature based on the Qlo observed with field samples.
Results
Morphometry and physicochemical characteristics of the lakes -Lakes from the Banyoles karstic -area are fed by underground water which dissolves gypsum strata. This process occasionally results in sinking of the surface, leading to the appearance of new lakes. In February 1982 major changes in the bathymetry of Lake Cis6 were caused by an abnormally high water inflow ( Fig. 1) . Lake Vilar is a crenogenic, meromictic, twobasin lake with a chemocline between 4-and 6-m depth; its bathymetric characteristics are given elsewhere . The water of both lakes has had a mineral content of 1.5-2 g liter-' in recent years. The most abundant ions are sulfate (up to 12.5 mM) and calcium (up to 10.2 mM). Alkalinity is high (up to 7.6 meq liter-'), mainly (93%) due to bicarbonate. Iron and manganese concentrations are low (0.1 mM and 0.1 PM), presumably due to precipitation with sulfide. The average concentration of ammonium in the anoxic zones of the lakes is 0.18 mM. Soluble reactive phosphate is undetectable most of the time.
Vertical distribution of physicochemical parameters - Figures 2 and 3 show the vertical distribution of light, turbidity, temperature, conductivity, oxygen, and sulfide in the two lakes. The turbidity profiles indicate that in Lake Cis6 the layer of maxi- ma1 population abundance was at 2 m, and in Lake Vilar it was at 4.2 m. Both positions coincided with the zone of maximal change in the sulfide gradient. Water from these depths was intensely purple-red. For convenience, we will use the terminology introduced by Konopka (1980) : the phototrophic bacterial layer refers to the whole section of the lake where such bacteria are found in detectable amounts (> 1 O3 cells ml-l). Within this layer are three main zones: the peak, which refers to the plane of maximal abundance of phototrophic bacterial cells (2 m in Lake Ciso and 4.2 m in Lake Vilar); the top, which refers to the thin section above the peak where most of the photosynthetic activity takes place; and the bottom, which refers to the variable section below the peak. This part can be almost nonexistent, as in Lake Vilar, or several hundred centimeters thick, as in Lake Ciso, probably depending on the age of the bacterial layer (see discussion). Light energy available at zenith just below the peak of the bacterial layer was about 1 PEinst rnw2 s-l (0.06% of surface light) in Lake Ciso and 0.6 PEinst me2 s-l (0.04% of surface light) in Lake Vilar. The maximum light energy available at the peak of the layer in Lake Cis6 was 24.3 PEinst m-2 s-l.
There was an aerobic zone above the bacterial layer in both lakes. In Lake Ciso oxygen was detectable down to 1.5 m. In meromictic Lake Vilar the oxygen-containing mixolimnion extended down to 4 m, right at the chemocline.
The sulfide concentration in Lake Cis6 was about 0.2 mM at the peak of the layer; at the bottom it was higher and rather uniform, about 0.7 mM. In Lake Vilar the concentration of sulfide was 0.1 mM at the peak, and from 0.15 to 0.25 mM at the bottom.
Microbial phototrophic communities -
The composition of the communities was assessed by means of in vivo absorption spectra, pigment analysis by thin-layer chromatography, optical and scanning electron microscopy, and isolation of the dominant bacterial species.
The in vivo absorption spectra are shown in Fig. 4 . In Lake Ciso, there were four absorption peaks at wavelengths of 370, 520, 730, and 830 nm. This indicates the coexistence of Chromatiaceae containing BChl a (A830) and okenone (A,20) and Chlorobiaceae containing BChl c, d, or e (A730). Specific pigments of oxygenic phototrophic bacteria (cyanobacteria or "blue-green" algae) such as phycobiliproteins (Ash5, Ah15, A& were undetectable. Chlorophyll a was not detected in the in vivo spectra. Samples from thelayer in Lake Vilar showed a similar pattern, except for a shoulder at 680 nm, indicating the presence of some algae.
Thin-layer chromatography (data not shown) showed that the most abundant pigments in Lake Ciso were okenone and BChl a, pointing to the dominance of Chromatiaceae in the lake. Small amounts of chlorobactene and BChl c also indicated low numbers of green Chlorobium species. Similarly, in Lake Vilar okenone and BChl a in high amounts indicated the presence of Chromatiaceae. Low concentrations of isorenieratene and BChl e and only traces of chlorobactene and BChl d showed the presence mostly of brown Chlorobium species.
Neither phycocyanin nor phycoerythrin was detected in significant amounts in the chromatograms of either lake, indicating the absence of cyanobacteria in the layer of sulfur bacteria. In both lakes, the algal pigments p-carotene and Chl a were detected in trace amounts only, stressing the low contribution of algae to the total bacterial biomass.
Microscopical observations agreed with pigment analysis. In the anaerobic part of Lake Cis6 at least three morphotypes of purple sulfur bacteria could be detected under epifluorescence microscopy and SEM. Two of these correspond to cells of Chromatium spp. of different size. The third, which constituted 20% of the purple sulfur bacteria, consisted of 3-pm3 spherical cells forming aggregates of 5-50 cells surrounded by slime. This organism has been isolated in pure culture and does not fit any described species (Pfennig and Trtiper 1983) . It contains okenone and BChl a, does not form platelets and accumulates intracellular sulfur globules peripherally; it is being further characterized and will be referred to as strain M-3. In addition to the Chromatiaceae mentioned above, nonmotile, small (average 0.7 pm3) phototrophic bacteria in Lake Cis6 were identified on the basis of their morphology and pigments as Chlorobium sp.
In Lake Vilar, Chromatium cells of very different sizes ranging from 5 to 50 pm3 average volume were observed with SEM. Further analysis of the size-frequency distribution by Coulter Counter showed two coexistent populations with average volumes of 5.5 and 15.5 pm3. In addition, SEM revealed the presence of Chlorobium-type cells with an average volume of 0.6 pm3; based on the abundance of BChl e and isorenieratene this probably was Chlorobium phaeobacteroides.
A brown and a green Chlorobium have been isolated in addition to strain M-3. Isolation of the okenone-containing Chromatium sp. is in progress.
Vertical distribution of biovolumes, pigments, and storage compounds - Figures 5 and 6 show the vertical distribution of biovolumes, pigments, and storage products of phototrophic bacteria in the two lakes.
In Lake Ciso, Chromatium cells were most abundant at a depth of 2 m (7.6 X 1 O5 cells ml-l), whereas maximal numbers of M-3 were found at 2.5 m (7.5 x lo5 cells ml-').
The highest numbers of Chlorobium were observed between 2 and 3 m (7.9 X 1 O5 cells ml-l). Due to the differences in size, Chromatium accounted for 7 l%, M-3 for 20%, and Chlorobium for 5% of the total biovolume at the 2-m layer, the remaining 4% being due to algae (Fig. 5) . The fact that TLC showed only trace amounts of Chl a suggested that most of these algae must have been inactive.
In Lake Vilar, Chromatium spp. were most abundant at 4.2 m (3.4 X lo6 cells ml-l), whereas Chlorobium reached a maximum at 4.4 m (3.9 x lo6 cells ml-l). However, the biovolume of the Chromatium population was much larger than that of Chlorobium. At the 4.2-m layer, Chromatium accounted for 92% and Chlorobium for 2% of the total biovolume, the remaining 6% being due to algae (Fig. 6) . In Lake Vilar Chl a was detected in the in vivo spectra, indicating the presence of potentially active algae.
Thus, in both lakes purple sulfur bacteria were the dominant organisms. Therefore, the concentrations of photopigments, sulfur, and PHB observed along the vertical profile reflected the intracellular contents of these organisms: BChl a, sulfur, and PHB all had maximal values at 2 m in Lake Cis6 and at 4.2 m in Lake Vilar. The glycogen assay used does not differentiate algal starch from bacterial glycogen. However, the low and presumably inactive algal population in Lake Cis6 at the 2-m layer suggested that the vertical profile of glycogen reflected the content of the purple sulfur bacteria. In Lake Vilar, significant concentrations of glycogen were observed at 4 and 4.1 m where few phototrophic bacteria were present. This was probably due to the presence of algal starch, which to some extent could also have contributed to the total polysaccharide concentration in the deeper layers.
Vertical distribution of photosynthetic activities -The activity of the phototrophic bacterial community was assessed by lightdependent CO2 fixation and light-dependent H2S oxidation. Because cyanobacteria were absent, sulfide oxidation could be attributed to purple and green sulfur bacteria; however, CO2 fixation could have been performed by both algae and bacteria. Although the algal contribution to the total biovolume at the 2-m layer in Lake Ciso was 4%, the presence of only trace amounts of Chl a suggested that not all algae were alive.
In July 1983 samples from the bacterial layer in Lake Ciso showed the algal biovolume was substantially higher than that in 1982 (60% vs. 4%). However, the inhi- bition of photosynthetic rate by DCMU was far less (i.e. 30%) than one would expect on the basis of algal biovolume. Apparently, not all algae participated in the fixation of CO, under the conditions in the bacterial layer. This may be explained not only by low viability of the algal population, but also by the low light energy available and the presence of sulfide. In all probability, similar phenomena occurred in 1982.
In Lake Vilar about 75% of the anoxygenie photosynthesis occurred in a layer about 20 cm thick, whereas in Lake Cis6 the same percentage was spread through 100 cm (Figs. 5 and 6 ). Maximal CO, fixation and H,S oxidation activities were observed at the depth of the peak in both lakes. In Lake Ciso, the maximal rates of CO* fixation and of H2S oxidation were 21 and 47 pmol liter-l h-l. In Lake Vilar the corresponding values were 12 and 33 pmol liter-' h-l. In view of the fact that the maximal biovolume of phototrophic bacteria in Lake Vilar was about four times that in Lake Ciso, the organisms in the latter must have been far more active.
Specific content of cellular components and specific photosynthetic activity -To compare the activities of bacteria at different depths, we must assess the specific activity, i.e. the activity per unit biomass. Table 1 summarizes the specific contents of BChl a, sulfur, glycogen, and PHB, as well as the specific photosynthetic activities (CO2 fixation and H2S oxidation) throughout the water column in Lake Ciso in relation to the available light in the middle of the day. It is apparent that the most physiologically active bacteria were present at the top of the layer (1.75 m), suggesting light limitation at the depth of the peak. Due to the presence of algae in the 1.75-m layer, not only is the concentration of glycogen overestimated, but also the value for sulfur. In the sulfur assay a correction was applied for the interference of BChl a, but not for Chl a.
Factors limiting the activity of the phototrophic bacterial community -The in fluences of different factors on the light-dependent sulfide oxidation activity in Lake Cis6 are summarized in Table 2 : the addition of phosphate, of acetate, of sulfide, of acetate plus sulfide, and incubation at higher light energy. Experiments were done with samples from 1.7 5-and 2-m depths; since phosphate and acetate were undetectable at these depths, their final concentrations in the experimental bottles were entirely due Table 1 . Specific content of bacteriochlorophyll a (pg mg-l), glycogen, poly-@-hydroxybutyrate, and sulfur (mg mg-l); specific rate of light-dependent CO, fixation and H,S oxidation (pm01 mg-' h-l) in the water column of Lake Cis6 (1400 hours, 6 July 1982 to the added product. In the case of sulfide and light, initial and final conditions are given in Table 2 . The addition of phosphate or acetate did not result in a stimulation of sulfide production in the dark nor in higher oxidation rates in the light. The simultaneous addition of acetate and sulfide had the same effect as sulfide alone.
The addition of sulfide to samples from 2 m (final concn 0.8 mM) resulted in a decrease in the specific rate of sulfide oxidation from 6.3 to 2.2 pmol mg-l h-l-a 65% inhibition. In samples from 1.75 m the specific rate of sulfide oxidation after the addition of sulfide (0.6 mM final concn) was 13.3 pmol mg-' h-l. In this case, the low initial sulfide concentration (0.01 mM) did not allow direct measurement.
Incubation of samples from 2 m at a depth of 1 m resulted in an increase in the specific rate of sulfide oxidation from 6.3 to 13.5 pmol mg-l h-l, i.e. a stimulation of 114%. The temperature difference between 1 and 2 m was 5°C and the Q10 observed for the population was 2.08. When applying such a correction, the specific rate of sulfide oxidation was 9.3 pmol mg-l h-l, indicating that 48% of the stimulation was due to differences in light alone ( Table 2) . Incubation of samples from 1.75 m, after addition of sulfide, at 1 m showed an increase in the specific rate of sulfide oxidation (corrected for QlO) from 13.3 to 14.5 hmol mg-l h-l, i.e. only 9% stimulation. The incubation of a sample from 2 m at a depth of 1 m meant an increase in the light intensity from 24.3 (limiting) to 798 PEinst m-2 s-l (saturating). On the other hand, the incubation of a sample from 1.75 m at a depth of 1 m meant an increase in the light intensity from 330 to 798 PEinst m-2 s-l (both saturating intensities). Laboratory experiments with isolates from Lake Cis6 have shown that light intensities below about 80 PEinst me2 s-l are limiting.
In conclusion, the phototrophic bacteria at 2 m (peak of the layer) were light-limited, Table 2 . Influence of different factors on the light-dependent sulfide oxidation activity in Lake Cis6 (8 July 1982). (NA-Not applicable, because the initial sulfide concentration was too low to measure significant changes upon incubation; NC-no change, neither stimulation nor inhibition compared to blank.) 
Discussion
Lakes Cis6 and Vilar were chosen for this study because of their different physicochemical and biological properties. In the entire water column, the phototrophic bacteria in Lake Cis6 accounted for 86% and algae for 12% of the total biovolume; in Lake Vilar phototrophic bacteria contributed only 26%, the rest being contributed by algae. Since these algae were above the anoxic layers in which phototrophic batteria were found, the energy available to the deep layers was controlled mainly by the abundance of algae. This spatial distribution of the phototrophic community has several implications and results in an inverse relationship between algal biomass and bacterial photosynthetic activity (Montesinos and Esteve 1984) . If we integrate the data from Fig. 5 for the entire water column, the productivity of phototrophic bacteria in Lake Cis6 was 6.5 mmol CO, m-2 h-l; the algal biomass above the bacterial layer was 1.12 mg me2. In Lake Vilar (Fig. 6) , with an algal biomass above the bacterial layer of 7.48 mg m-2, the bacterial productivity was 2.5 mmol CO2 rnb2 h-l. The light-dependent sulfide oxidation followed the same pattern: for Lake Ciso, the rate of sulfide oxidation was 23.0 mmol rnd2 h-l and for Lake Vilar it was 6.8. This is in agreement with our previous work, stressing the importance of algae in the control of light availability to phototrophic bacteria in stratified lakes (Montesinos et al. 19833; Montesinos and Esteve 1984) .
It is of interest to know which environmental parameters govern the development of such layers of phototrophic bacteria. The most likely ones are the energy source (light) and the electron donor (e.g. sulfide and sulfur), but nutrients could also have a decisive influence since their concentration in the lake water was low. Experiments performed in situ showed however, that in the middle of the day sulfide, acetate, and phosphate were not limiting for the organisms in the peak of the layer. With respect to sulfide, this is not surprising because of the relatively high concentration encountered at the peak of the bacterial layer. At 2 m the concentration was about 0.2 mM, which in laboratory studies is not limiting for Chromatium vinosum nor for Chromatium weissei (van Gemerden 1974) .
For the analysis of limiting factors not only the concentration of the particular substrate but also the rate of supply must be considered. The sulfide concentration in lake water is the result of the rate of sulfide production and the rate of sulfide oxidation (both biological and chemical). The fact that sulfide concentrations did not change despite the substantial bacterial oxidation rates measured shows that replenishment from deeper layers was high enough to compensate for the consumption.
The amount of sulfide produced in the whole lake (anaerobic sediments and the overlying water) was estimated for previous years as 149 mol d-l (Guerrero et al. unpubl.) . The present data show that sulfide oxidation by the phototrophic bacteria accounted for 54 mol d-l. The net production of sulfide during summer can thus be estimated to be 95 mol d-l. The sulfide concentration can be expected to increase with time; in previous years it increased from spring to autumn at an average rate of 114 mol d-l (Abella 1980) . At a depth of 2 m (peak of the layer, light 24 PEinst rnd2 s-l), the organisms are lightlimited; samples taken from this depth showed an increase in the rate of sulfide oxidation when incubated at 1 m (light 798 PEinst m-2 s-l). Cells thriving at 1.75 m (top of the layer, light 330 PEinst m-2 s-l) did not show a significant increase in the rate of sulfide oxidation when incubated at 1 m (Table 2) ; consequently, these cells are not limited by light. In the latter case, the response was measured after the addition of sulfide, since the prevailing concentration of sulfide at 1.75 m was too low to permit a direct measurement. In situ, therefore, the cells thriving at 1.75 m 'can be considered to be limited by sulfide. With respect to the capacity to oxidize sulfide, the cells at 1.75 m are physiologically more active than the cells at 2 m. When incubated at a depth of 1 m (corrected for temperature differences), the addition of sulfide to the 1.75-m pop-ulation resulted in a specific rate of sulfide oxidation of 14.5 pmol mg-l h-l. A similar treatment of the 2-m sample resulted in a specific rate of 9.3. The crucial role of light intensity was also derived from the factorial analysis of data collected during the annual cycle of 1978: the growth of phototrophic bacteria in Lake Cis6 was correlated with changes in light energy, but not with the concentration of sulfide (Pedro+Alib et al. 1983 . Parkin and Brock (1980) also found a direct relationship between the percentage of incident light in the layer of maximal biomass and the productivity of the layer, despite large differences in the concentrations of sulfide. These results emphasize the importance of light limitation to the growth and activities of phototrophic bacteria in nature.
The main direct consequence of the sharp light gradient within the bacterial layer is the appearance of metabolic differences among the cells at different levels of such layers. This is demonstrated by the vertical distribution of the specific sulfide oxidation rate and the specific CO2 fixation rate, but also by differences in the specific contents of sulfur, glycogen, and photopigments. The light distribution within the layer created a rather heterogeneous population. The data strongly suggest that cells do not mix within the layer; once they are trapped in deeper, darker zones they are apparently unable to migrate upward to optimal light conditions. Thus, the top and the bottom of the layer represent physiologically different populations. At the top of the layer, with sufficient light energy for growth (Table 2) , the cells showed high specific rates of photosynthesis and accumulated So and glycogen. At the bottom of the layer the amount of light available was insufficient and glycogen was depleted. In C. vinosum it has been shown that glycogen is deposited inside the cells in the light and is degraded in the dark by endogenous respiration with intracellular sulfur as the electron acceptor (van Gemerden 1968b). The decrease with depth of the specific pigment content of the cells suggests a degradation of the photosynthetic apparatus, supported by the fact that samples from the bottom of the layer, when incubated at 1 m (light saturation), did not show significant increases in sulfide oxidation rates. Phototrophic bacteria kept in the laboratory under very low light intensities for prolonged periods show a drastic decrease in the specific content of photopigments due to the degradation of the photosynthetic apparatus (van Gemerden 1980; Montesinos et al. 1983b) .
Another point of interest in comparing Lakes Cis6 and Vilar is the large difference in the vertical distribution of the biomass of the phototrophic bacteria. The bacterial layer in Lake Vilar was extremely narrow and sharply defined (see Fig. 3 ); biomass increased lo-fold in a lo-cm interval and very few cells were present in the bottom of the layer. In Lake Cis6 the bacterial layer was far less clearly delimited, with a marked bottom below the peak of the layer. These situations probably reflect the age of the bacterial layers. We observed in both lakes that in incipient layers biomass is rapidly formed near the gradient, while sedimenting cells occupy the bottom of the layer. Therefore, the layer in Lake Vilar can be considered a "young" developing layer, that in Lake Cis6 in an advanced state of formation. This resembles the situation described for two lakes in Japan (Takahashi and Ichimura 1970) .
We conclude that light is of crucial importance for the growth and activities of anoxygenic phototrophic bacteria in stratified lakes. In the simulation of natural light conditions in the laboratory, not only the intensity of light but its spectral composition should be taken into account. The properties of light reaching the bacterial layer depend very much on the structure and composition of the upper water column. From the surface to the bacterial layer, the intensity of light is reduced, and its quality has changed dramatically.
Since different phototrophic organisms absorb at different bands of the spectrum, changes in light quality will have an effect on the species composition. The impact of a bloom of Chromatium on the competition between green and brown Chlorobium species could be studied in the laboratory by using light filters with absorption characteristics similar to those of the natural Chromatium population (Montesinos et al. 1983b) . As soon as light penetrates into the layer itself, its intensity is drastically reduced and selfshading phenomena become important. Self-shading in purple sulfur bacteria is due not only to scattering by cells but also to scattering by the sulfur globules and to absorption by pigments. The concentrations of elemental sulfur and photopigments depend on both the physiological state of the cells and the species composition.
Since these are, in turn, influenced by light quality and quantity, there is a very complex set of interactions and feedback loops between the physical properties of light and the physiological state of the microorganisms.
